Objective. miRNAs are small, signal-strand, non-coding RNAs that function in post-transcriptional regulation. We analysed the in vivo effect of miR-106b (miR-106b-5p) on inflammatory bone loss in CIA mice.
Introduction
RA, an autoimmune disorder, is characterized by synovial hyperplasia, chronic inflammation and the secretion of autoantibodies and many pro-inflammatory cytokines, which together cause joint destruction [1] . Chronic inflammationstimulated bone destruction is a critical pathological feature in RA and is mediated by osteoclastic bone resorption [2, 3] . Osteoclasts, which are specialized bone-resorbing cells, are derived from monocyte/macrophage differentiation in the presence of two essential osteoclastogenic factors: RANK ligand (RANKL) and M-CSF [4] . The pathological microenvironment of the arthritic synovium causes excessive osteoclast differentiation and activation, resulting in extensive bone loss. Additionally, chronic inflammation also disrupts the balance of bone remodelling by directing it towards bone resorption rather than bone formation [5] . This imbalance results in systemic osteopenia and a high risk of osteoporotic fractures [6, 7] . Thus, better RA treatments focused on quenching inflammatory signalling and halting bone damage are needed.
miRNAs are small, signal-strand, non-coding RNAs ($1923 nucleotides) that function in post-transcriptional regulation in diverse biological processes such as proliferation, differentiation and cell apoptosis under both physiological and pathological conditions. In mice, the overexpression of miR-23b has been shown to protect against IL-17-induced autoimmune inflammation [8] . Moreover, miR-140 knockout mice exhibit defective cartilage and skeletal formation [9] and miR-124 inhibits osteoclast differentiation and suppresses adjuvant-induced arthritis in vivo [10] . Meanwhile, abnormal expression of miR-155 and miR-146a was observed in inflamed RA joints and was closely associated with the upregulation of pro-inflammation cytokines [11] . Additionally, miR-155 À/À mice or mice treated with miR-146a are resistant to CIA, with a significant suppression of inflammatory synovial hyperplasia and markedly reduced joint destruction also noted [12, 13] . Thus it is not surprising that miRNAs would be pursued as a suitable method for the treatment of RA-induced bone destruction.
miR-106b, a well-characterized oncogenic miRNA, belongs to the miR-106b-25 cluster and is overexpressed in many human tumours such as gliomas, stomach, prostate and kidney [14] . Recently, several authors have demonstrated that miR-106b is a key player in the processes of inflammation, hypersensitivity and some autoimmune disease [1518] . Interestingly, one study showed that miR106b is a suitable target for the treatment of giant cell tumourinduced bone resorption [19] , while another study demonstrated that miR-106b directly regulates MMP2 expression and participates in the process of breast cancer bone metastasis [20] . Furthermore, miR-20a, a homologue to miR-106b, reportedly regulates pro-inflammatory cytokine expression during RA [21] . However, until now, no comprehensive study examining the effects of miR-106b in RAinduced inflammatory processes or bone destruction had been performed. We hypothesized that miR-106b modulates inflammatory bone destruction in the RA process.
This study was undertaken to investigate whether RA associated chronic inflammation and joint destruction are related to miR-106b production, and whether regulates the expression of miR-106b could affect inflammatory bone loss in CIA mice.
Methods

Antibodies and reagents
Bovine type II collagen, Freund's adjuvant and a tartrateresistant acid phosphatase (TRAP) kit were obtained from Sigma (St Louis, MO, USA). Recombinant mouse RANKL and M-CSF were purchased from R&D Systems (Minneapolis, MN, USA). Antibodies against RANKL, osteoprotegerin (OPG), TNF-a, IL-1b, IL-6 and cyclooxygenase-2 (COX-2) were obtained from Abcam (Shanghai, China). Murine ELISA kits for RANKL and OPG were obtained from R&D Systems. Murine TNF-a, IL-1b and IL-6 Flex Sets were from Univ-bio (Shanghai, China). A lentiviral negative control (NC), miR-106 mimics and miR-106b inhibitor were purchased from Gene Pharma (Shanghai, China).
Induction of CIA
All experiments involving animal use were approved by the Institutional Animal Ethics Committee of the First Affiliated Hospital of Soochow University. Male DBA/1 mice (810 weeks old) were obtained from the Animal Center of Soochow University and were housed under specific pathogen-free conditions. Bovine type II collagen was reconstituted in 10 mM acetic acid at 4 C for 12 h and emulsified with the same volume of Freund's complete or incomplete adjuvant. Experimental arthritis was induced in DBA/1 mice via intradermal injection with 100 ml of emulsion containing 200 mg of bovine type II collagen at the base of the tail. At 21 days after the primary immunization, a booster consisting of 200 mg bovine type II collagen emulsified in an equal volume of Freund's incomplete adjuvant was delivered near the first injection site. On day 22, the mice were given 0.2 ml lentiviral NC (n = 10), lentiviral-mediated miR-106b mimics (n = 10) or lentiviral-mediated miR-106b inhibitor (n = 10) containing 1 Â 10 8 U/ml via orbital injection on a weekly basis. In the sham group, an equal volume of PBS was administered in the same manner. Paw swelling was observed by two independent investigators with a Vernier calliper. Arthritis was evaluated and scored from 0 to 4 according to the following method: 0, no signs of arthritis; 1, swelling and/or redness of the paw or one digit; 2, two joints involved; 3, more than two joints involved; 4, severe arthritis of the entire paw and all digits [22, 23] . Serum samples were obtained just prior to sacrifice and the hind paws were collected and prepared for molecular, histological and radiologic analyses.
Micro-CT analysis
Dissected paws and L2 lumbar vertebrae were scanned as described previously for mouse bone [22, 24] and following the guidelines for assessment of bone microstructure in rodents using micro-CT (SkyScan 1176, SkyScan, Aartselaar, Belgium) [25] . Briefly, scanning was done at a voxel size of 9 mm, X-ray tube voltage of 70 kV, current of 141 mA and exposure time of 1750 ms. The X-ray projections were obtained at 0.5 intervals with a scanning angular rotation of 360
. CT Analyzer software was used for morphometric quantification of trabecular bone parameters, including bone volume fraction (BV/TV; %) and trabecular thickness (TbTh; mm).
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Histological and immunohistochemical analysis
For histopathological analysis, the knee joints were fixed, decalcified and paraffin embedded as previously described [13] . Five-micrometre sections were prepared and stained with haematoxylin and eosin (H&E) or safranin O/fast green. The stained sections were then scored on a scale of 04 [26] for changes in cartilage erosion, inflammatory response and bone damage. To investigate osteoclast bone resorption activity, sections were stained with a TRAP staining kit according to the manufacturer's protocols. TRAP-positive multinucleated cells located at the bone surface within the bone destruction area were considered to be mature osteoclasts and were counted microscopically.
For immunohistochemical analysis, sections were incubated with primary antibodies against murine RANKL, OPG, TNF-a, IL-1b, IL-6 or COX-2 followed by the appropriate secondary antibodies. Rinsed sections were counterstained with haematoxylin. After immunohistochemical staining, four consecutive slices were scored semi-quantitatively for each cytokine by two pathologists. A score of 0 represented minimal expression, 1 represented mile expression, 2 represented moderated expression and 3 represented abundant expression [26] .
Measurement of serum pro-inflammatory cytokines, RANKL and OPG Serum TNF-a, IL-1b and IL-6 levels in CIA mice were determined by flow cytometric analysis using a commercial kit according to the manufacturer's instructions. Serum RANKL and OPG levels were determined using specific ELISA kits.
Osteoclast culture and TRAP staining
Bone marrow cells were collected and cultured for 16 h with 30 ng/ml M-CSF. Non-adherent cells were harvested, while red blood cells were lysed and incubated with M-CSF (30 ng/ml) and RANKL (50 ng/ml) for 5 days. Mature osteoclasts were visualized via TRAP staining, with TRAPpositive cells with three or more nuclei considered osteoclasts.
Quantitative real-time PCR
To quantify mRNA expression, total RNA was isolated and reverse transcribed to cDNA using reverse transcriptase (Takara, Otsu, Japan). Quantitative real-time PCR was performed using a Takara TP800 PCR Thermal Cycler Dice Detection System (Takara), with glyceraldehyde 3-phosphate dehydrogenase used as an internal control. All the mouse primer sequences were as follows: TRAP forward 0 -CACATTGGGGGTAGGAACAC-3 0 . Total miRNA was isolated using a miRNA Isolation kit (Biochain Institute, Newark, CA, USA) according to the manufacturer's instructions. Aliquots of total miRNA were subjected to reverse transcription and PCR amplification using a TP800 PCR Thermal Cycler Dice Detection System (Takara). Specific primers for miR-106b and U6 were obtained from Ambion (Foster City, CA, USA).
Statistical analysis
All values are expressed as a mean (S.E.M.). Differences between groups were analysed by a one-way analysis of variance for multiple comparisons where appropriate. P-values <0.05 were considered significant. SPSS 11.0 software (SPSS, Chicago, IL, USA) was used to carry out the statistical computations.
Results
miR-106b ameliorates disease severity in CIA mice
To begin, endogenous miR-106b expression was examined in inflamed mice joints, with higher levels observed in CIA mice compared with non-CIA mice (Fig. 1A) . Considering the important role of miR-106b in bone remodelling, a lentiviral-based gene transfer system was developed to verify whether modulating miR-106b signalling affects disease progression in CIA mice. As expected, mature miR-106b was significantly decreased in the joints of CIA mice injected with miR-106b inhibitor relative to controls (Fig. 1A) . Meanwhile, miR-106b inhibitor treatment significantly suppressed arthritis development in CIA mice, with significantly lower mean arthritis scores and reduced paw thicknesses noted relative to the control group (Fig. 1BD ).
miR-106b improved the morphology of arthritic joints
When examining CIA mice knee joints, histological analysis revealed significant inflammatory cell infiltration, synovial hyperplasia, cartilage damage and bone erosion ( Fig. 2A and B) . In contrast, CIA mice treated with miR106b inhibitor showed a significant reduction in inflammatory cell infiltration, synovial hyperplasia, cartilage damage and bone erosion (Fig. 2CE) . miR-106b impaired bone destruction in CIA mice Next, micro-CT analysis was utilized to further investigate the protective effects of miR-106b inhibition in CIA mice. Mice treated with NC or miR-106b mimics showed extensive bone damage, while miR-106b inhibition greatly reduced bone destruction (Fig. 3A) . Furthermore, micro-CT analysis of the inflamed joints also showed that the examined bone parameters, including BV/TV and TbTh, were significantly increased in mice treated with miR106b inhibitor (Fig. 3B) . We also performed micro-CT of L2 lumbar vertebrae to evaluate the effect of miR-106b inhibition on the skeletal system. Significant bone loss was observed in the NC and miR-106b mimics groups compared with the sham groups, and miR-106b inhibition obviously suppressed bone destruction, indicated by increased BV/TV and TbTh (Fig. 3C and D) . These findings further demonstrate that miR-106b inhibition can reduce bone destruction in CIA mice. miR-106b modulates RANKL and OPG expression in CIA mice
To evaluate RANKL and OPG expression in inflamed CIA mice joints, immunohistochemical staining was utilized. In CIA knee joints, extensive RANKL expression was observed, with OPG expression only slightly upregulated. In contrast, miR-106b inhibitortreated sections revealed a significant decrease in the numbers of RANKL-positive cells but showed a marked increase in OPG-positive cells when compared with NC-treated mice (Fig. 4AC) . Serum from CIA mice was then examined via ELISA analysis and showed serum RANKL levels (43.67 ± 5.59 pg/ml) to be significantly increased when compared with the control group (16.17 ± 3.18 pg/ml; P < 0.05), whereas OPG levels (32.83 ± 6.84 ng/ml) were not significantly altered relative to the controls (36.08 ± 5.54 ng/ml; P > 0.05). In miR-106b inhibitortreated mice, RANKL levels were significantly downregulated while OPG levels were upregulated. Consequently, the RANKL:OPG ratio increased from (0.49 ± 0.10)/10 3 to (1.36 ± 0.39)/10 3 in CIA mice and was reduced to (0.48 ± 0.08)/10 3 in miR-106b inhibitortreated mice (Fig. 4DF ).
miR-106b inhibition reduces pro-inflammatory cytokine expression in CIA mice
Immunohistochemical staining of knee joint tissues collected from CIA mice stained positive for TNF-a, IL-6, IL1b and COX-2, which were primarily localized in infiltrated cells around the joints. However, following miR-106b inhibitor treatment, few positive staining reactions were observed. (Fig. 5A) . Semi-quantitative analysis showed an obvious decrease in TNF-a, IL-6, IL-1b, and COX-2 positive staining in miR-106b inhibitortreated mice compared with the NC group. There was no TNF-a, IL-6, IL-1b, or COX-2 positive staining around joints obtained from the sham groups (Fig. 5BE) . To further substantiate these findings, serum TNF-a, IL-6 and IL-1b levels were analysed via ELISA. Consistent with the immunohistochemical staining results, miR-106b inhibition caused a significant reduction in serum TNF-a, IL-6 and IL-1b levels (Fig. 5FH ).
miR-106b inhibition decreases osteoclast numbers and suppresses osteoclast formation
To further characterize the role of miR-106b within the CIA bone microenvironment, its potential ability to reduced osteoclastic resorption was examined. Histological results showed that NC-and miR-106b mimictreated groups had larger numbers of TRAP-positive cells located on eroded bone surfaces than in the vehicle-treated group. However, few TRAP-positive cells presented in the miR106b inhibitortreated group (Fig. 6A and C) . To examine whether miR-106b affects osteoclast formation, primary bone marrow macrophages were incubated with osteoclastogenic medium. As expected, miR106b expression was significantly decreased in bone marrow macrophages treated with miR-106 inhibitor compared with the control groups (Fig. 6E) . Moreover, TRAPpositive cell numbers were markedly decreased in the miR-106 inhibitor groups (Fig. 6B and D) . Additionally, miR-106 inhibitor treatment significantly inhibited TRAP, nuclear factor of activated T cells 1, Cath-K and MMP9 mRNA levels, which are markers associated with osteoclast differentiation (Fig. 6FI) .
Discussion
RA is a complex autoimmune disease that is associated with inflammatory synovitis and bone and cartilage structural damage [13] . Several miRNAs have been shown to participate in RA progression [812] . However, unlike these other miRNAs, miR-106b has not been previously reported to have an important regulatory role in RAinduced inflammatory synovitis and bone loss. Herein, miR-106b upregulation was shown to be associated with extensive bone destruction in inflamed joints. However, the use of an inhibitor to suppress miR-106b expression improved joint swelling and reduced bone destruction in CIA mice, as confirmed by micro-CT and histopathological analyses. Thus these results suggest that miR-106b may be a promising candidate for treating RA-induced inflammatory joint destruction.
miR-106b, a member of the miR-106b-25 cluster, is located at chromosome 7 [27] and has been shown to be an oncogene and promote stem cell proliferation, migration and invasion in human cancers [14] . Recently, miR-106b has been shown to be critical in the regulation of bone remodelling [28] and bone resorption via the modulation of RANKL expression in an ovariectomized mouse model [19] . In the current study, miR-106b upregulation in inflamed CIA joints was shown to be associated with extensive bone loss and inflammatory synovitis. Thus the aim of this study was to further elucidate the role of miR-106b in CIA-associated bone loss, with hopes that these findings can be utilized to develop a therapeutic treatment for RA.
As expected, miR-106b downregulation significantly attenuates the severity of arthritis in CIA mice. In CIA mice, type II collagen inoculation caused a significant increase in the mean arthritis score and paw thickness, as well as promoting inflammatory cell infiltration, synovial hyperplasia, cartilage damage and bone erosion, which is consistent with previous studies [22, 26, 29] . In contrast, miR-106b inhibition in CIA mice significantly decreased CIA-induced inflammatory bone destruction.
In RA, the importance of osteoclast activation in the pathogenesis of focal bone loss has been verified in both patients and animal models [1, 26, 30] . Thus the inhibition of osteoclast differentiation and activation is a desirable approach to suppressing RA-associated bone loss [31] . In the current study, CIA mice had significantly increased numbers of TRAP-positive multinucleated cells in areas of pannus invasion into the inflamed joints. However, following miR-106b inhibition, TRAP-positive multinucleated cell numbers markedly decreased relative to the NC group. In a recent study, miR-106b downregulation was actually found to increase osteoclastogenesis and promoted bone resorption, thus acting via osteoclastogenic factor modulation [19] . However, this previous study focused on osteoclastogenesis in endocortical or periosteal bone, which could explain the observed expressional variation and suggests tissue-specific osteoclastogenesis in RA. Furthermore, the present study demonstrated that miR-106b inhibition suppresses osteoclast precursor differentiation and decreased osteoclast-associated gene expression. Moreover, miR-106b inhibitor treatment decreased osteoclast formation and differentiation, with TbTh and BV/TV also significantly decreased. These findings indicate that the protective effect exhibited by the miR-106b inhibitor is modulated through inhibition of osteoclastogenesis, thus decreasing RA-induced bone destruction.
RANKL promotes osteoclast differentiation and activation via RANK receptor binding on pre-osteoclasts and is an important player in bone destruction [4] . OPG, a decoy receptor of RANKL, disrupts the interaction between RANKL and RANK and thereby attenuates osteoclastic bone destruction [32] . Thus the RANKL:OPG ratio is critical in bone remodelling and regulates the activation stage of osteoclasts. Previous studies have demonstrated that during RA pathogenesis, RANKL expression is elevated while OPG expression is suppressed, thus further activating osteoclasts and promoting bone destruction. This finding indicates that the RANKL:OPG ratio is critical for RA-induced bone destruction [32] . Additionally, other studies have demonstrated that downregulated RANKL or upregulated OPG expression can effectively attenuate RA-associated focal bone loss [33, 34] . In the current study, immunohistochemical staining showed that CIA mice treated with miR-106b inhibitor had increased OPG www.rheumatology.oxfordjournals.org and decreased RANKL expression relative to the NC group. Meanwhile, miR-106b downregulation also suppressed the serum RANKL:OPG ratio and was associated with decreased osteoclast numbers and activity. However, the results presented herein differ from a previous study that found that miR-106b downregulation increases RANKL expression and promotes bone resorption in ovariectomized mice [18] . While there is no clear explanation for this variation, one report suggested that miR-106b inhibition has a positive effect on bone physiology and explained that variations in experimental conditions and models may contribute to such paradoxical results [28] . However, the distinct reason remains unidentified. This study also showed that miR-106b inhibitor treatment significantly improves arthritis severity by reducing pro-inflammatory cytokine and inflammation-associated enzyme concentrations at the local and systemic levels when compared with the NC group. Previous studies have indicated that cytokines such as TNF-a, IL-1b and IL-6 are overexpressed in RA patient synovium and serum, thereby contributing to bone destruction in inflamed joints [1] . TNF-a and IL-1b stimulate fibroblast-like synoviocytes to secrete chemokines and MMPs, thus promoting inflammation-associated enzyme expression, such as COX-2 and inducible nitric oxide synthase, and inducing RANKL-mediated osteoclast activation [35] . Both TNF-a and IL-1b promote each other's expression, with TNF-a upregulating IL-1b production and IL-1b stimulating TNF-a expression. Interestingly, when IL-1b is missing, TNF-a stimulates inflammation responses but does not cause bone destruction in CIA mice [36] . IL-6 is not only a pro-inflammatory cytokine but also a stimulatory factor for osteoclastogenesis via indirect regulation of RANKL expression [37] . Therefore, TNF-a, IL-1b, IL-6 and COX-2 downregulation in the presence of miR-106b inhibitor may attenuate inflammatory responses and bone destruction in CIA mice.
Despite these interesting findings, there are certain limitations in our study. First, we did not investigate the mechanisms of action of miR-106b inhibition. Several genes involved in bone homeostasis have been identified as miR-106b targets [28] . In addition, miR-106b has also been shown to target the tumour suppressor gene phosphatase and tensin homologue [38] , which is also critical for bone remodelling. Interestingly, RANKL is also a target for miR-106b [19] . Consistently we also observed a reduction of RANKL in miR-106b inhibitor treatment groups and subsequent decreased osteoclast formation and differentiation. This may partially explain the therapeutic effects of miR-106b inhibition on RA-induced bone loss. Second, since bone destruction in RA is not only due to excessive bone resorption but also inhibition of bone formation, and because our results demonstrated that miR-106b inhibitor treatment significantly inhibited RA-induced bone loss through suppression of osteoclastic bone resorption and chronic inflammation, it remains unclear whether increased osteoblast differentiation and osteoblastic bone formation could have been involved in the protective effects of miR-106b inhibition on RA-induced bone loss. This question is currently the focus of ongoing studies in our laboratory.
FIG. 5 miR-106b inhibition suppressed the expression of TNF-a, IL-1b, IL-6 and COX-2 in CIA mice (A) Tissue sections of knee joints were immunohistochemically stained for TNF-a, IL-1b, IL-6 and COX-2 (brown, indicated by the arrows, scar bar = 100mm (BE) Semi-quantitative analysis performed by two independent pathologists showed that miR-106b inhibition significantly reduced joint inflammation. (FH) Serum levels of TNF-a, IL-1b and IL-6 in each group were determined by ELISA. *P < 0.05 compared with the sham group. # P < 0.05 compared with the NC group.
Conclusion
The results presented herein show that miR-106b is overexpressed in inflamed joints and is critically associated with the severity of arthritis in CIA mice. Moreover, miR106b inhibition improved CIA-associated clinical and histological features, including attenuating bone destruction and restoring bone density by suppressing osteoclast formation and differentiation. Additionally, miR-106b inhibition exerts anti-inflammatory properties and an ability to regulate the RANKL:OPG ratio. These data suggest that miR-106b might be a promising therapeutic target for the treatment of human RA.
